A rocket-ramjet combined-cycle engine was tested in ramjet-mode. The combustor model had two rockets in the combustor section. They were used as an igniter in this operation mode. In the preliminary tests, the downstream combustion ramjet-mode was demonstrated with a 1.4-degree of divergent duct condition. In this study, the upstream and downstream combustion ramjet-mode operations were applied to the combined cycle engine model with large angle of divergent duct condition. In the case of upstream combustion ramjet-mode, the combustion condition at the exit of the combustor showed high combustion efficiency.
Introduction
The combined cycle engines have been studied as a propulsion system for space transportation systems. In JAXA (Japan Aerospace Exploration Agency), the rocket-ramjet combined cycle engine is being designed and researched [1] [2] [3] [4] [5] [6] [7] [8] . This engine has two rocket engines in it, and its operation modes included an ejector-jet mode, a ramjet mode, a scramjet mode, and a rocket mode. In this study, we focused on ramjet mode operation.
Authors investigated the downstream combustion ramjet-mode in a scramjet engine combustor [9] [10] [11] . In the downstream combustion ramjet-mode, the subsonic combustion was attained in the downstream divergent duct. The combustion condition was better in the upstream combustion ramjet-mode, but the rise of the wall pressure in the downstream combustion ramjet-mode did not influence the wall pressure in the isolator. It made possible to inject a large amount of fuel. This was available to generate larger thrust.
In the preliminary tests, the downstream combustion ramjet-mode was demonstrated in a combined cycle engine combustor model 12) . The divergent angle of the engine was 1.4 degree in those cases. In this study, the operations of the upstream and downstream combustion ramjet-mode were applied to the combined cycle engine with large divergent duct. The effect of the divergent angle and the mechanism of thrust generation were investigated with respect to upstream/downstream combustion ramjet-mode. The results of the combustion tests are presented.
Upstream/Downstream Combustion Ramjet-Mode
Generally, in the ramjet-mode operation of dual-mode engine combustor, supersonic air flowing into the combustor is decelerated in the straight duct section of the isolator. Then the subsonic combustion gas is choked at the exit of the straight duct section of the combustor and accelerated in the divergent section. The authors designated it as the upstream combustion ramjet-mode. On the other hand, in the case of downstream ramjet-mode, air is decelerated in the divergent section with consequent subsonic combustion. The subsonic combustion gas is choked at the exit of the combustor with no geometrical throat. Fig. 1 shows the schematic illustrations of the combustor model. The combined cycle engine model was directly connected to the blow-down type wind tunnel facility. The airflow was heated in a hydrogen vitiation heater. The air was accelerated to Mach 2.4 through a supersonic nozzle. The total pressure and the total temperature of the air were 1.0 0.05MPa and 800
Test Facility and Combustor Model
respectively. The airflow entered in an isolator with a constant cross-sectional area. Cross-sectional area of the combustor section entrance was 32 mm wide and 147.3 mm high. There were two rockets in the combustor section. Gas hydrogen and gas oxygen at the room temperature were supplied as propellant of the rockets. The mass flow rate of oxygen to fuel in the rocket was 2.0. The throat and exit diameters of the rocket nozzle ware 9.2 and 14 mm, respectively. In the ramjet mode, the rockets were used as an igniter. The chamber pressure of the rockets was about 0.35 MPa. The ramp blocks were installed between the rockets or between the rockets and sidewalls. The angle of the ramp was 11.3 degrees. There was a straight section downstream of the rocket nozzle Figure 1 Schematic illustration of the combustor model exit. The cross sectional area of the straight section was 62 mm wide and 147.3 mm high and its length was 150 mm. There was a divergent duct section downstream of the straight section. Two kinds of divergent duct were used. In the divergent duct section, the rocket side had 1.4 and 5.0 degree of divergent angle. The length of the divergent duct was 496 mm. There was a straight duct section downstream of the divergent duct. The cross-sectional area of the straight duct was 105.3 mm by 147.3 mm. In the previous tests with a dual-mode scramjet engine, this downstream straight duct was effective for greatly increasing the performance of the downstream combustion ramjet-mode. In this study, 302 mm of straight duct was connected downstream of the divergent duct. There were fuel injection holes in the divergent duct and downstream straight duct. The positions of the holes in the divergent duct were 250 mm, 410 mm, and 570 mm downstream of the exit of the rocket nozzle. The position in the downstream straight duct was 676 mm downstream of the exit of the rocket nozzle. There were five injection holes on each sidewall. The diameter of each injection hole was 4 mm.
Pressure taps were installed on the centerline of the sidewalls. The measurement uncertainty was ± 1.4 kPa in the wall and pitot pressure. The pitot pressure measurement and gas sampling were conducted at the exit of the downstream straight duct to estimate the mean properties of the combustion gas 13) . A water-cooled pitot rake was used. Measurements were performed at 60 locations at the exit plane. Sampled gas was analyzed by gas chromatography (Micro-GC CP4900®). The nearest wall pressure was substituted for the static pressure to calculate the gas properties with the measured pitot pressure.
Brief Summary of Previous Tests
The tests results with a 1.4-degree of divergent duct condition are summarized in this chapter (see Ref. 12 for details). Fig. 2 shows the wall pressure distributions of the downstream combustion ramjet mode. The broken lines at -225 mm, 646 mm, and 948 mm indicate the entrance of the combustor model, exit of the divergent duct, and exit of the downstream straight duct, respectively. The fuel was injected from the cowl side only.
The maximum wall pressure appeared at the fuel injection position. The wall pressure rose in the divergent duct and near the rocket base. And wall pressure decreased toward the exit of the downstream straight duct. However, the pressure at the exit was higher than the atmospheric pressure. This shows that the combustion gas choked at the exit of the downstream straight duct. This is the typical wall pressure distribution of the downstream combustion ramjet-mode.
The advantage of the downstream combustion ramjet-mode was to be able to inject a large amount of fuel. However, in the case of 1.0 of equivalence of fuel was injected, there was an influence on the wall pressure in the isolator even in the downstream combustion ramjet-mode. In this case, about 300 mm of isolator was needed not to influence the facility nozzle. Fig. 3 shows the wall pressure distributions in the cases of air only and the rocket operation as a torch.
Results and Discussion

Effect of the rockets as a torch
The broken line at 150 mm indicates the entrance of the divergent duct. Table 1 shows the flow rates of the air and rocket propellant. The amounts of the oxygen and hydrogen were sum of two rockets. 
±
The equivalence ratio of the remaining the rocket plume with respect to the incoming air from the facility nozzle was about 0.05. Note that the equivalence ratios in this paper were defined with only the injected hydrogen with respect to the incoming air from the facility nozzle. The rocket side wall pressure decreased near the rocket base because of the rapid expansion. The cowl side wall pressure near the rocket base was almost the same level as the wall pressure in the isolator. In the divergent duct, some pressure measurement points in the cowl side were influenced by the rocket exhaust gas. 
Downstream combustion ramjet-mode
Authors demonstrated the advantages of the downstream combustion ramjet-mode with the dual-mode scramjet engine combustor model [9] [10] [11] . The advantages of the downstream combustion ramjet-mode were summarized as follows:
1)
The maximum wall pressure appeared in the divergent duct and this was available to generate larger thrust 2)
When a large amount of fuel was injected, the high wall pressure in the combustor did not influence the wall pressure in the isolator. This made possible to inject a larger amount of fuel and the long isolator was not needed Because the rocket side and cowl side wall pressure distributions were almost same, only the cowl side wall pressures were plotted. The fuel was injected from the cowl side in the downstream straight duct. The equivalence ratio was defined with the injected hydrogen with respect to the incoming air. In the case of 0.2 of equivalence ratio of fuel was injected, the increment of the wall pressure was small. In the cases of 0.6 and 1.0 of equivalence ratios of fuel was injected, the pressure rise traveled to upstream from the injection point. The distribution patterns are similar to that can be seen in the duct with a pseudo shock formation. Downstream of the injection position, the pressure got lower to the exit of the exit of the combustor model. The pattern corresponded to a typical ramjet mode pressure pattern. Near the exit of the downstream straight duct, there could be seen pressure drop which suggests the subsonic flow going to the choking by a heat addition due to the combustion.
In the case of 1.0 of equivalence ratio of fuel was injected, wall pressure in the combustor did not influence the wall pressure in the isolator. And the wall pressure at the rocket base and the ramp block become higher. These were expected to contribute to the thrust increment.
Upstream combustion ramjet-mode
Fig . 5 shows the wall pressure distributions in the cases the downstream combustion ramjet-mode.
The fuel was injected from the cowl side in the divergent duct. The fuel injection point was 250 mm downstream of the exit of the rocket nozzle. Generally, in the ramjet-mode operation of dual-mode engine combustor, supersonic air flowing into the combustor is decelerated in the straight duct section of isolator. Then the subsonic combustion gas is choked at the exit of the straight section of the combustor and accelerated in the divergent section. We designate this ramjet-mode as upstream combustion ramjet-mode.
The wall pressure near the fuel injection position decreased rapidly. Because one of the fuel injection hole and the pressure tap was very close, the injected fuel influenced downstream wall pressure. This was observed only in the cowl sidewall. In this combustor model, when large amount of fuel was injected, there was no influence in the isolator. And the wall pressure near the rocket base was higher than that of the downstream combustion ramjet-mode. This was expected to generate a large thrust. 
Properties at the exit plane
To examine the combustion conditions at the exit of the combined cycle engine model, gas sampling as well as Pitot pressure measurement was carried out at the exit of the downstream straight duct. Fig. 6a-6c shows the distributions of the local equivalence ratio, local combustion efficiency, and local Mach number, respectively. They are calculated with the mole fraction in the sampled gas 14) . The broken lines in the figures indicate the positions of rockets. The y axis was in the lateral direction and its origin was on the sidewall. The z axis was in the longitudinal direction and its origin was on the rocket side wall. The equivalence ratio of the fuel was 1.0. This was the case of upstream combustion ramjet-mode. Probing in the case of the downstream combustion ramjet-mode could not be conducted because of the flame holding at the pitot probes.
These distributions at the exit of the downstream straight duct were symmetry in the direction of y. The local equivalence ratio was larger on cowl side. The local combustion efficiency was especially high in the region of high local equivalence ratio. The averaged combustion efficiency at the cross section was 0.93. The local Mach numbers was around 0.88 throughout the cross section. The averaged Mach number at the cross section was 0.88. This was slightly smaller than the unity. The impulse function calculated based on the state of the cross section was 4.04 kN. under the far stoichiometric conditions. The pattern corresponded to a typical mixing-controlled combustion pattern 15) . Fig. 8 shows the thrust calculated by the integration of the wall pressure. The thrust in Fig. 8 did not include the thrust generated by the rockets. In the case of the upstream combustion ramjet-mode with 1.0 of equivalence ratio, the thrust calculated by the impulse function was 1646 N. By comparing the effect of divergent angle, in the case of low equivalence ratio, the 5.0 degrees of configuration generated larger thrust. However, in the case of high equivalence ratio, the 1.4 degrees of configuration generated larger thrust. By comparing the effect of fuel injection position, upstream combustion ramjet-mode generated larger thrust. Fig. 9a-9c shows the distributions of thrust. In the case of 1.4 degree of divergent duct condition, the rocket base contributed to the thrust generation. In the cases of 5.0 degrees of divergent duct configurations, the divergent duct contributed to the thrust generation.
Correlation between local equivalence ratio and local combustion efficiency
Thrust performance
Conclusions
Ramjet-mode operation in a rocket-ramjet combined cycle engine was studied experimentally. The upstream and downstream combustion ramjet-modes were tested with two kinds of divergent duct configurations. The results are summarized as follows: 1) Operation of downstream combustion ramjet-mode was demonstrated with two kinds of divergent duct configurations. Operation of upstream combustion ramjet-mode was demonstrated with 5.0-degrees of divergent duct configuration. In these cases, there was no influence in the isolator. 2) In the case of 1.4-degrees of divergent duct configuration, the rocket base contributed to thrust generation. In the case of 5.0-degrees of divergent duct configuration, the divergent duct contributed to thrust generation. 3) In the case of upstream combustion ramjet-mode with 5.0-degrees of divergent duct configuration, the combustion condition at the exit of the downstream straight duct shows high combustion efficiency. And it was primarily controlled by fuel mixing. 
